This paper analysis the energy efficiency of an unlicensed wireless network in which retransmission is possible if the transmitted message is decoded in outage. A wireless sensor network is considered in which the sensor nodes are unlicensed users of a wireless network which transmit its data in the uplink channel used by the licensed users. Poisson point process is used to model the distributions of the nodes and the interference caused by the licensed users for the sensor nodes. After finding the optimal throughput in the presence of retransmissions, we focus on analyzing the total power consumption and energy efficiency of the network and how retransmissions, network density and outage threshold affects the energy efficiency of the network.
I. INTRODUCTION
Wireless sensor networks (WSNs) have gained a lot of popularity during the past few decades and are being implemented in different applications such as military and medical sectors as a mean for monitoring, processing and disseminating data [1] . The ease of implementation and being cost and energy efficient are among the reasons that have made WSNs popular. Wireless sensor nodes are small size devices that can create dense networks that are randomly positioned and deployed which makes them a suitable choice for inaccessible locations or disaster relief operations as well. WSNs have different properties and applications compared to the traditional wireless ad hoc networks, hence, protocols and algorithms that are being used in those networks are not valid for WSNs anymore [2] . This opens up a wide field of research regarding WSNs [3] .
Having an energy efficient network is always challenging when dealing with wireless networks. WSNs are also no exception to this, specially since they usually have access to a limited power source both in terms of the available energy (ă 0.5 Ah, 1.2 V) and size [4] , [5] and in many cases such as aforementioned hardly accessible locations, it is not possible to renew the power sources for sensor networks which are usually batteries, hence, the battery life in such networks play a crucial role in the sensors lifetime which makes the energy consumption of the network elements a very important factor that needs to be considered when dealing with WSNs [6] , [7] .
Although a sensor network consumes energy in all its three areas of responsibilities which were mentioned earlier, it is the data disseminating, which includes both transmitting and receiving data, that consumes the most energy in a WSN.
Sensor networks are usually used in short range communications with low data rates and short packet size which makes the RF communications a suitable choice for them [8] . However, designing an energy efficient WSN is always one of the challenges engineers face since the radio technologies are not suitable for being used in all kinds of applications [9] . Thus, in this paper, we analyze the energy efficiency of a WSN as part of an unlicensed network which allows for retransmission in case of an outage event happening.
Energy efficiency (EE) studies have become very popular during the past years and researchers have been studying EE in different types of applications. In [10] , authors study the reduction of the energy consumption of the whole network while in [11] , [12] , the energy consumption of two non-cooperative and cooperative networks with considering different network densities have been studied. In [11] , optimizing the packet size is used as a mean for maximizing the energy efficiency of the two mentioned networks. In [12] , energy efficiency of a cooperative network is studied constrained by an outage threshold. Moreover, EE is investigated in [7] by setting an end-to-end throughput constraint on the network while in [13] , by studying the throughput and outage of a full-duplex and an incremental cooperative half-duplex networks respectively.
While the following studies are important and valuable, they do not consider EE of a sensor network, based on the optimal throughput of the system, constrained by an outage threshold. In this paper, we expand our previous works in [14] , [15] to cover a more generalized model rather than focusing on only the smart grids application. We follow the same model described in [16] , [17] where there is possibility for retransmissions of a message in case of an outage happening in the network and it is shown that having a limited number of retransmissions can enhance the spatial throughput and transmission capacity of ad hoc networks. We use the same network model for investigating the EE of the network by first optimizing the link throughput in the system subjected to a minimum outage requirement where an outage event happens if the transmitted message is not decoded correctly or is never received by the receiver. Note that the number of retransmissions is limited and if the message is not received after a certain number of retransmissions, it is dropped.
The rest of the paper is divided as follows. Section II introduces the system model, while Section III details the proposed throughput optimization and energy efficiency anal-978-1-5386-6355-4/18/$31.00 ©2018 IEEE ysis. Section IV presents the numerical results and Section V concludes this paper.
II. SYSTEM MODEL
Considering the network model introduced in [14] , [15] , the same model which is also shown in Fig. 1 , is used here for the implementation of the communication network in which the sensors transmit their data to their corresponding aggregator/controller where the following assumptions hold. This limitation can be enforced by the licensed network or can also be related to the sensors' own capabilities. ‚ Assumption 4: In this model, it is assumed that there are no packet collisions between sensors associated with the same aggregator/controller due to the fact that the size of the transmitted messages are assumed to be small and multiple access solutions are effective for the size of the unlicensed network. By considering the above assumptions, we are able to simplify the model to some extend. This would make the analysis easier. The use of directional antennas in unlicensed communication links is justified based on Assumption 2 which states that the unlicensed nodes are static. This would result in not having any orientation errors [18] . Having a limited transmit power based on Assumption 3 means that there is also a limit to the maximum range that the signal sent by the sensors can reach. Hence, the radiation pattern created by this transmission can be modeled as a line segment with the starting point being the sensors and the end point being limited by the imposed power constraint.
The interference in this model based on Assumptions 1, 2 and 4 can have different sources. (i) from unlicensed users (sensors) to cellular base-stations, (ii) from sensors to controller that are not their corresponding controller and (iii) from licensed users (mobile users) to to aggregators/controllers. The first two interference sources can be avoided if when implementing the network, the position of either the licensed or unlicensed nodes are specified. Even if the positions are randomly implemented, it is highly unlikely that there would be a base station or controller in the same line as the sensors' transmitted signal.
This leaves out only one source of interference in this model which would be (iii) from licensed users to aggregators/controllers. In order to be able to analyze the effect of interference on the performance of the network, we need to model the uncertainty of the interferers positions. We use Fig. 1 : An illustration of the proposed scenario, where licensed and unlicensed users share the up-link channel. The reference sensor (unlicensed transmitter) is depicted by the sensor, the controller (unlicensed receiver) by the CPU and its antenna, the handsets are the mobile licensed users (interferers to the controller) and the big antenna is the cellular base-station. As the sensors uses directional antennas with limited transmit power (bold arrow), its interference towards the base-station can be ignored. The thin black arrows represent the licensed users' desired signal, while the red ones represent their interference towards the controller.
Poisson point process Φ to model the interfering nodes in this network which are distributed over an infinite two-dimensional plane with network density λ. Details of using stochastic geometry and Poisson point process in modeling the wireless networks can be found in [19] .
Different metrics such as distance-dependent path-loss and fast fading is considered when modeling the wireless channel. Consider r i to be the distance between the ith interferer and the reference receiver which is located arbitrary at the origin. Based on the Slivynak theorem, a receiver can have an arbitrary fixed position at the center of the Euclidean distance. This would make the estimation of the other elements of the network surrounding the receiver easier [19] . In this model, g i is considered to be the channel gain. The reference receiver received power then would be W g i r´α i where W is the transmit power and α ą 2 is the path-loss exponent. This will result in the following signal to interference ratio (SIR 0 ).
In this equation, W p and W s denote the licensed users and unlicensed users transmit power respectively. It should be noted that although the noise is neglected here, even the presence of the noise would not make a qualitative difference as stated also in [20] .
Considering that point-to-point Gaussian codes and interference-as-noise decoding rules [21] , [22] are used in the reference link, it means that obtaining the desired spectral efficiency of log 2 p1`βq in bits/s/Hz depends on the fact that the SIR is greater than a given threshold or not β (i.e SIR ą β), Hence, the probability of an outage event happening, P out , can be explained as the probability of SIR ď β. If a transmitted message is decoded in outage, it is retransmitted with the maximum of m attempts, meaning that the message is dropped if it is still not successfully decoded by the receiver after 1`m transmissions. Thus, the probability of a successful transmission is calculated as P suc " 1´P 1`m out . Since the licensed users (interferers) are not static, their position is constantly changing in each transmission. SIR 0 in this model can be statistically evaluated by considering different realizations of Poisson point process Φ. In order to compute P out " Pr rSIR 0 ď βs for each transmission attempt by considering quasi-static channel gains (squared envelopes) g which are independent and identically distributed exponential random variables (Rayleigh fading) with mean 1, the following equation is used [16] .
where k " πr 2 0 Γ`1´2 α˘Γ`1`2 α˘. The throughput of the reference link T is then calculated as [16] :
where m is the maximum number of retransmission attempts.
It should be noted that in order to find m, we use an approximation of [23, §17] which is also explained in [24] , in order to calculate the average number of transmissions needed to successfully transmit a message (1`m).
III. THROUGHPUT OPTIMIZATION AND ENERGY EFFICIENCY
Energy efficiency of a wireless network can be seen as a criteria that captures the trade-off between the total power consumption (PC) and the throughput of the network. Hence, we first start by defining the optimal throughput of the network which is obtained by the following optimization problem:
In this problem, the throughput is constrained to a maximum acceptable error rate ϵ, which shows how often a message is dropped after reaching the maximum number of allowed retransmissions. Here, the SIR threshold β ą 0 and the number of allowed retransmissions m P N are the design variables.
Proposition 1: The throughput T " f pβ, mq in (3) is a function of the variables m ą 0 and β ą 0. The function f is then concave with respect to β if B 2 T Bβ 2 ă 0. β˚and m˚represent the value of β and maximum number of retransmissions that maximizes the link throughput respectively :
Proof: As m and β are strictly positive variables and function T is twice differentiable in terms of β, then T is concave if and only if B 2 T Bβ 2 ă 0. Eq. (5) is then attained by solving the derivative equation BT {Bβ " 0, whose solution is β˚. From (5), we find T as a function of m considering β˚. The optimal throughput T˚in terms of both m and β is then given by the value of m that maximizes the throughput, which is given in (6) . Moreover, from (5), we find T as a function of m considering β˚. The optimal throughput T˚in terms of both m and β is then given by the value of m that maximizes the throughput, which is given in (6) .
Remark 1: The maximum number of retransmissions mi s a natural number that is usually small, which makes the evaluation of (8) computationally simple.
By having the optimal throughput, we can now analyze the energy efficiency of the network. As it was mentioned earlier, the EE depends on the total power consumption and throughput of the network where the total power consumption of the network in its turn, includes the distance dependent transmission power in addition to the total energy consumed by the RF components and bit rate [7] , [13] . Considering the above parameters, the total power consumption of our single hop model is derived as:
where P C P A denotes the power amplifier power consumption in a one-hop transmission which also depends on a parameter called the drain efficiency of the amplifier. We denote the drain efficiency by ζ which would result in P C P A " βζ in this model. Moreover, logp1`β˚q represents the bit rate (bits/s) of the system while P C Tx and P C Rx are constants which depends on the current technologies and are equal to the energy consumed during the transmission and reception operations by the internal circuitry respectively. By having the above parameters, the EE is expressed as
where T˚denotes the optimal throughput previously calculated.
IV. NUMERICAL RESULTS
In this part, the numerical results of our analysis is presented. It should be noted that the following parameters were considered for obtaining these results. The distance between the sensors and the receiver r 0 " 1 meter and path-loss exponent α " 4. Also, based on the parameter setting presented in [7] , P C Tx " 97.9 mW, P C Rx " 112.2 mW and ζ " 0.35. Fig. 2 shows how the power consumption changes with the density of interferers (measured in node/m 2 ) and outage constraints of the network for both limited and unlimited number of retransmissions being allowed in the network. We can see that in both cases, the outage constraint has a big impact on the total power consumption of the network. As the outage requirement gets stricter, meaning that a lower level of outage is allowed in the network (higher reliability), the total power consumption of the network also increases, showing that more power is used by the network in order to have a successfully decoded transmission.
Moreover, we can see that increasing the density of interferers also affects the total power consumption. While ϵ " 0.001, for very low density of interferers (λ ď 0.07), having limited number of retransmissions results in having lower total power consumption. However, as the density of interferers increases and expectedly the total power consumption also increases, limited and unlimited retransmissions consume almost the same amount of energy. As the outage requirement gets looser, the range of λ for which the limited transmission consumes less energy also increases. For instance, while (λ ď 0.22), having limited m means having lower energy consumption when ϵ " 0.01. When the outage requirement of the system is very loose, ϵ " 0.1, for all of the considered λ range in our analysis, having limited m would consume less energy, since when the network density is lower, the interference level of the network is also lower. This means that even when m is limited, the system can achieve its expected outage constraint without having to consume a lot of energy, hence, having limited m consumes less energy, but as λ increases, the level of interference also increases which would mean that when having limited m, the system needs to use more energy in order to reach the required ϵ, thus, almost the same amount of energy as having unlimited m would be used by the network. Fig. 3 illustrates the behavior of the energy efficiency of the network with respect to λ and different outage requirements. As the optimal throughput reduces dramatically by λ, we can see that the same thing is happening in the case of EE. As the outage requirement gets more stringent, the system needs more retransmission in order to reach the optimal throughput. This means that if m is limited, the system can not always reach the optimal throughput as λ increases. Since as shown in (8), EE has a direct relationship with the optimal throughput, the throughput decrease will effect EE also, that is why we can see that for most of the λ range, having a limited number of retransmissions has also reduced the energy efficiency of the network compared to when an unlimited number of retransmissions is allowed. Although energy efficiency also depends on the power consumption which was shown increases with λ, this change is not as high and as effective as the decrease is the throughput, hence, the EE eventually ends up decreasing.
It is also shown in Fig. 3 Density of interferers-λ results in having higher EE. As it was explained earlier, for low λ, the network would consumes less energy while m is limited, resulting in higher energy efficiency in the network. However, as λ increase, limited m uses as much energy as unlimited m in order to reach the required constraints, on the other hand, the throughput for the unlimited case decreases also since the network can not reach the optimal throughput anymore. All these would eventually result in the network having lower EE when the number of retransmissions is limited as λ and interference level increase. It should be noted that the sharp fall and rise in Figs. 2 and 3 respectively are the results of having very low λ which means having a very low interference. Moreover, Fig.4 illustrates the EE behavior as a function of ϵ for different λs which further proves our point showing that looser outage requirements and lower network densities results in a higher level of energy efficiency in the network. Fig. 4 : Energy efficiency EE versus the error threshold ϵ for α " 4, r0 " 1 for different densities of interferers λ while the number of retransmissions is limited (m " 5).
V. CONCLUSION
In this paper, we analyzed the energy efficiency of a wireless network where the licensed and unlicensed users share the uplink channel. However, the unlicensed users do not cause interference on the licensed users transmissions. In this model, retransmission is also allowed if a message is decoded in outage. Our results showed the effect of retransmission and outage constraint on the power consumption and energy efficiency of the network considering different network densities. It was shown that having stricter outage requirement in the network also means having higher power consumption during transmissions. Depending on ϵ and λ, having limited retransmissions means lower power consumption or at most as much power consumption compared to having unlimited m. We also showed that as λ increases, the energy efficiency of the network decreases due to the decrease in the optimal throughput. Having higher outage requirement also results in needing more m in order to reach the T˚, therefore, having limited m means having lower EE for most of the λ range. We plan to continue and improve the work done in this paper by jointly optimizing the energy efficiency and throughput constrained by a minimum outage requirement.
